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Abstract— This paper studies the optimised Lambertian order
(OLO) of light-emitting diodes (LEDs) for an indoor non-
directed line of sight optical wireless communication (NLOS-
OWC) systems. We firstly derive an expression of the OLO
from a conventional Lambertian LED model, Then, we analyse
the indoor multi-cell NLOS-OWC channel characteristics
including optical power distribution and multipath time
dispersion for two cases of one-cell and four-cell
configurations. Furthermore, we estimate the transmission
bandwidth by simulating the channel frequency response.
Numerical results show that, by using OLO a significant
improvement of the transmission bandwidth can be achieved
for in indoor NLOS-OWC systems, in particular, for multi-cell
configurations.
Keywords- Optimum Lambertian order, LED, optical wireless
communication and root mean square (RMS) delay spread.
I. INTRODUCTION
LEDS are being widely used as sources in short-range
indoor optical wireless communication (OWC) links for local
area network (LAN) [1, 2]. They promise numerous
advantages compared with the conventional radio frequency
(RF) systems, such as offering a potential huge bandwidth, a
secure links as rays cannot penetrate walls or opaque objects,
and freedom from spectrum regulation and licensing. Due to
the fast dynamic response of most current available LEDs,
they can be modulated with fast switches, enabling high
transmission data rates. With the increasing popularity of
high definition television and video over the internet, the
indoor OWC access technology employing LEDs becomes
one possible and economical solution to address the
bandwidth congestion currently being experiencing in most
access networks [3, 4].
The NLOS-OWC links with intensity modulation and
direct detection is a suitable candidate for high speed indoor
communication systems [5, 6]. Compared with line-of-sight
(LOS) transmission, NLOS links offer a larger coverage area
and an excellent mobility and without any need to precise
alignment or a tracking mechanism. On the other hand,
compared with the common diffuse configurations [7],
NLOS-OWC links provide a lower path loss, lower
intersymbol interference (ISI) caused by multipath
reflections, and a higher transmission bandwidth. Therefore,
NLOS-OWC links employing wide-angle transmitters and
receivers are more convenient to use, particularly for mobile
terminals.
Most current research on NLOS-OWC systems focuses
on uniform received power distribution as well as on the
techniques to decrease the ISI. A uniform received power
distribution for NLOS-OWC systems using a novel genetic
algorithm is proposed in [8, 9] without increasing the
multipath distortion. In [10], the authors introduced a novel
LED arrangement to reduce SNR fluctuations. Analysis of
multipath time dispersion of the indoor OWC channel has
been made for NLOS-OWC systems in [11, 12]. It is shown
that less multipath distortion can be achieved by optimising
the divergence angle of the LED and by employing some
special configuration. A more uniform power distribution is
proposed in [13, 14] and a reduced ISI is achieved by using a
holographic diffuser. Spotlight is implemented for the high
data rate transmission in [15], and the results show that
indoor NLOS-OWC links employing LEDs with small
divergence angles have less channel distortion than those
with large divergence angles. Therefore, to achieve a higher
transmission bandwidth and a more uniform power
distribution, multi-cell NLOS-OWC systems are the
preferred solution. However, previous studies have not
analysed the Lambertian order and its impact on the time
dispersion and channel transmission bandwidth. As a matter
of fact, the divergence angle is an essential parameter of a
LED and it significantly affects the received power
distribution and the channel distortion in indoor NLOS-OWC
systems.
In this paper, a multi-cell NLOS-OWC links with OLO is
proposed. Using the conventional Lambertian model, we
derive a new expression for the OLO. Then, we investigate
the received power distribution for two cases of one-cell and
four-cell configurations, considering optimised and
nonoptimised LED divergence angles. To estimate the
multipath time dispersion of the channel, the root-mean-
square (RMS) delay spread with and without angle
optimization are simulated. Lastly, the transmission
bandwidth of the proposed multi-cell NLOS-OWC channel is
analysed.
The rest of the paper is organized as follows. In Section II,
we present the system configuration, and describe the
channel DC gain, OLO, and multipath characteristics. In
Section III, we present some numerical results to study the
channel characteristics in different scenarios of LED
positioning and angle distribution. Finally, the conclusions
of this work are summarized in Section IV.
Fig. 1. Indoor non-directed cellular OWC: systems a) one cell and b) four
cells.
II. SYSTEMDESCRIPTION
A. System configuration
The proposed one-cell and four-cell indoor NLOS-OWC
systems are shown in Fig.1. The link depicted in Fig.1(a) has
only one cell to cover the receiver plane, which employs a
group of LEDs with large divergence angles. The footprint of
this one-cell system has its value at the cell center and its
minimum at the cell edge. To achieve a more uniform power
distribution, a four-cell topology can be applied as shown in
Fig.1(b). Each cell has a group of LEDs mounted at the cell
center with specified divergence angles. At the receiving end,
the optical receiver, mounted on a mobile terminal, has a
dedicated FOV to ensure seamless connectivity.
B. Channel model with Lambertian source
The emission from a LED can be modeled using a
generalized Lambertian radiant intensity [16]. In NLOS-
OWC configurations, the transmitters, located at the ceiling,
point downward to the floor and the receiver is pointed to the
ceiling. The DC gain of the indoor LOS OWC channel is
given by [16]:ܪ(0)
= ൝(݉ + 1)ܣ2π݀ଶ cos௠(߶) ௦ܶ(ߠ)݃(ߠ) cos(ߠ), 0 ≤ ߠ ≤ ߮௖
0, ߠ ≥ ߮௖ ,
(1)
where A is the photodetector surface area, ߶ is the irradiance
angle, ߠ is incidence angle, ߮௖ is the FOV (semiangle) of the
receiver and d is the distance between transmitter and
receiver. TS(ߠ) is the optical filter gain, and g(ߠ) is the
optical concentrator gain. ݉ is the Lambertian radiant
order relating to the transmitter semiangle ߮ଵ/ଶ , (at half
power), which is given by [16]:
݉ = − ln2
ln(cosφଵ/ଶ) ,
(2)
The received optical power of the LOS path is given by:ܲୖ ୶ ୐୓ୗ = ୘ܲ୶ ܪ(0) .
(3)
where, ୘ܲ୶ is the overall transmitted optical power of LEDs.
C. Optimum Lambertian order
In indoor NLOS-OWC systems, the received optical
power consists of the power from the LOS path and the
reflected paths. Due to the different propagation delays of
different paths, the multipath ISI would limit the
transmission bandwidth. To circumvent this problem and to
achieve a high transmission bandwidth, the optical power
from the LOS path should be maximized, and also, the
multipath ISI caused by reflection should be minimised. The
received optical power fromthe LOS can be calculated using
(1) to (3). For each cell shown in Fig.1, the received optical
power is maximum at ߶ = 0 and minimum at ߶ = ߶୑ୟ୶ .
The corresponding minimum received power is given by (1)
and (3):
ܲ୑୧୬ = ୘ܲ୶ (݉ + 1)ܣ
2π݀୑ୟ୶ଶ cos௠(߶୑ୟ୶) ௦ܶ(ߠ)݃(ߠ) cos(ߠ) ,
0 ≤ ߠ ≤ ߮௖ ,
(4)
where ݀୑ୟ୶ is the maximum distance between the
transmitter and the receiver within a cell, and ߶୑ୟ୶ is the
corresponding maximum irradiance angle. The partial
derivation (4) in terms of the Lambertian order݉ is given
by:߲ ୑ܲ୧୬߲݉ = ୘ܲ୶ ௦ܶ(ߠ)݃(ߠ) cos(ߠ) ܣ2π݀୑ୟ୶ଶ cos௠(߶୑ୟ୶) ×൛1 + (݉ + 1)ln൫cos(߶୑ୟ୶)൯ൟ ,
(5)
where, parameter ܭ = ୘ܲ୶ ௦ܶ(ߠ)݃(ߠ) cos(ߠ) ஺ଶ஠ௗ౉౗౮మ is
independent of݉. Therefore, (5) can be simplified to:߲ܲ୑୧୬߲݉ = ܭcos௠(߶୑ୟ୶)൛1 + (݉ + 1)ln൫cos(߶୑ୟ୶)൯ൟ ,
(6)
To find the OLO ݉୭୮୲ , we set డ௉౉౟౤డ௠ = 0 , ݉୭୮୲ is given
by (2):݉୭୮୲ = −1
ln൫cos(߶୑ୟ୶)൯ − 1,
(7)
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Fig.2. Geometry of source, detector and reflector
From (2) and (7), we can calculate the optimum transmitter
semiangle ߮ଵ/ଶ ୭୮୲ at half power, which is:
߮ଵ/ଶ ୭୮୲ = cosିଵ⎝⎜
⎛
exp൮ −ln(2)−1
ln(cos(߶୑ୟ୶))− 1൲⎠⎟
⎞
,
0 < ߮ଵ/ଶ ୭୮୲ < 90௢.
(8)
D. Multipath characteristics
In high data rate indoor NLOS-OWC systems, the path
loss and the multipath-induced time dispersion limit the link
performance. The maximum available data rate can be
predicted if the channel impulse response ℎ(ݐ) and the RMS
delay spread are known. As the configurations shown in
Fig.2, the optical power distribution and the multipath
dispersion at the receiver plane can be characterized by the
channel impulse response h(t). For a NLOS-OWC channel,
using (1) and (2), the impulse response for a particular
source S and a detector D (x, y, z), is given by [11]:ℎ଴(ݐ; ܵ,ܦ)
=
(݉ + 1)ܣ
2π݀ଶ cos௠(߶) ௦ܶ(ߠ)݃(ߠ) cos(ߠ)rect( ߮ߠ௖)ߜ(ݐ − ݀଴ܿ) ,
(9)
where ݀ is the LOS distance between S and D and c is the
speed of light. The rectangular function rect(ݔ) is given by:
rect(ݔ) = ൜1 for |ݔ| ≤ 1,
0 for |ݔ| > 1. 
(10)
Assuming that all reflectors (i.e. plaster and acoustic-tiled
walls, unvarnished wood) are approximately Lambertian
[16], the channel impulse response with multiple optical
sources and multiple reflections is [17]:ℎ(ݐ; ܵ,ܦ) = ෍ ෍ ℎ௡௞(ݐ; ܵ,ܦ)ஶ௞ୀ଴ேೞ೚ೠೝ೎೐௡ୀଵ
(11)
The channel impulse response for k-bounce is given by [18]:
ℎ௞(ݐ; ܵ,ܦ) = නቈߦ଴ߦଵ… ߦ௞ߩ௞ rect(ߠ௞߮௖) × ߜ(ݐ.
Y − (∑ ݀௞∞௞ୀ଴ܿ ))൨ ݀ܣ௥௘௙ , ݇ ≥ 1
(12)
whereߦ଴ = (݉ + 1)ܣ
2π݀ଶ cos௠(∅ଵ) cos(ߠଵ) ݀ܣ௥௘௙cosߠଵߦଵ = ݀ܣ௥௘௙cos∅ଶcosߠଶߨ݀ଶଶ
, … ,ߦ௞ = ܣ cos∅௞ାଵcosߠ௞ାଵߨ݀௞ାଵଶ ௦ܶ(ߠ௞ାଵ)݃(ߠ௞ାଵ).
The integration in (12) is performed with respect to the
surface Y of all reflectors, ݀ܣ௥௘௙ is the small area of the
reflecting element, ߶௞ and ߠ௞ are the angles of irradiance
and incidence, respectively, and ݀௞ is the distance from k
bounces to the detector (see Fig. 2).
The RMS delay spread is given by [19]:ܵ = ቈ∫(ݐ − ߤ)ଶℎଶ(ݐ)݀ݐ∫ℎଶ(ݐ)݀ݐ ቉ଵଶ
(14)
where ߤ is the mean delay given by:ߤ = ∫ ݐ ℎଶ(ݐ)݀ݐ∫ ℎଶ(ݐ)݀ݐ
(15)
where t is the delay time of propagation.
III. NUMERICALRESULTS ANDDISCUSSION
Here, we present some numerical results to study the
channel characteristics of multi-cell indoor NLOS-OWC
systems. The specifications and parameters are given in
Table I. Two different configurations are considered and
simulated.
A. Optical power distribution
The spatial distributions of the received power from LOS for
the one-cell and four-cell configurations are shown in Fig.
3(a) to (d) for the cases of nonoptimised and optimised
divergence angles. From Fig. 3(a), we notice that for the case
of one-cell configuration with a typical (nonoptimised)
FWHM (Full width at half maximum) divergence angle of
120
o
, the received power varies between -5.8 dBm to -13.3
dBm. Using (8), the optimised FWHM angle of LED is
~108
o
and the corresponding OLO is ~1.3. The received
power for the OLO case varies between -5.2 dBm to -13.3
dBm as can be seen in Fig. 3(b). Comparing Figs. 3(a) and
(b), we notice that the maximum received power from LOS is
only slightly increased by optimising the divergence angle.
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Fig. 3. Spatial distribution of the received power: (a) One-cell with 120o FWHM angle , (b) One-cell with the optimum 108o FWHM angle, (c) Four-cell with
120o FWHM angle and (d) Four-cell with the optimum 56o FWHM angle.
Fig. 4. Spatial distribution of RMS delay spread: (a) One-cell with 120o FWHM angle , (b) One-cell with 108o FWHM angle, (c) Four-cell with 120o FWHM
angle and (d) Four-cell with 56o FWHM angle.
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TABLE I
SPECIFICATION FOR INDOORNLOS OWC SYSTEMS
LED wavelength (ߣ) (500~1000) nm
LED launched power 200 mW
LED interval 0.05 m
Room (length, width, height) 5 × 5 × 3 m3
Half angle FOV of receiver 60 (deg)
Surface area of photodiode 1 cm2
Gain of an optical filter 1.0
Refractive index of a lens at a photodiode 1.5
Reflection coefficient (wall, ceiling, floor) (0.8, 0.8, 0.3)
One-cell configuration
Number of LEDs per cell 144
Four-cell configuration
Number of LEDs per cell 36
Cell size 2.5 × 2.5 m2
Similarly, Fig. 3(c) and (d) compare the received power
of four-cell configuration with and without divergence
angle optimization, respectively. From (8), the optimised
FWHM angle of LED is 56
o
and corresponding OLO is
~5.57. The received power varies between -8.4 dBm and -
12.4 dBm for nonoptimised angle (120
o
FWHM) and
between -5.6 dBm and -11.7 dBm for optimised angle. In
this case, angle optimization allows 0.7 dB and 2.8 dB
increase for minimum and maximum received powers,
respectively.
B. RMS delay spread
As the receiver performance could considerably be
affected by ISI, we investigate the channel time dispersion
for the proposed configurations, Fig.4 (a) to (d) show the
RMS delay spreads of different configurations with and
without angle optimization. We notice that the optimised
and nonoptimised secenarios have similar distributions
and the RMS delay spread varies 0.3 ns and 0.6 ns for the
one-cell systems. The maximum RMS delay spread occurs
at the positions (0.5, 0.5, 3) m, (0.5, 4.5, 3) m, (4.5, 0.5, 3)
m and (4.5, 4.5, 3) m.
For the four-cell configuration, we see from Fig. 4(c)
and (d) that the maximum RMS delay spreads correspond
to the positions (0, 0, 3) m, (0, 5, 3) m, (5, 0, 3) m and (5,
5, 3) m for the nonoptimised case, and (2, 2, 3) m, (4, 2, 3)
m, (2, 4, 3) m and (4, 4, 3) m for the optimised case. There
is a significant RMS reduction after optimization: it
decreases from 1.5 ns to 0.4 ns.
C. Transmission bandwidth
Since the largest multipath distortion occurs at the point
with maximum RMS delay spread in a room, the
transmission bandwidth constraint can be estimated by
simulating the frequency response at this point. Following
the above analyses of maximum RMS delay spread for
different configurations, the normalized channel
frequency responses at the position corresponding to the
largest RMS delay spread point for the one-cell and four-
cell systems are plotted in Fig. 5. We notice that the -3 dB
transmission bandwidth of the optimised one-cell system
is ~94 MHz, which is slightly larger than the 91 MHz
bandwidth of the nonoptimised case. For the case of four-
cell system, the -3 dB transmission bandwidth for the
optimised four-cell configuration has a significant
improvement compared to the nonoptimised one: it
Fig. 5. The channel frequency response at maximum RMS delay spread
point for one-cell and four-cell configurations
increases form 39 MHz for nonoptimised configuration to
185 MHz with angle optimization.
IV. CONCLUSION
In this paper, we derive the OLO for a particular room
configuration and analyse the performance of one-cell and
four-cell systems using optimum and nonoptimum
Lambertian orders. The channel characteristics including
optical received power distribution and multipath
dispersion are simulated and analysed. The results show
that the received optical power and the transmission
bandwidth can be improved with optimisation. While this
improvement factor depends on the room dimension and
the number of cells, it is much more significant for multi-
cell configurations.
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